The marine environment in Kuwait is polluted with various hazardous chemicals of industrial origin. These include petroleum hydrocarbons, halogenated compounds and heavy metals. Bioremediation with dedicated microorganisms can be effectively applied for reclamation of the polluted marine sediments. However, information on the autochthonous microbes and their ecophysiology is largely lacking. We analyzed sediments from Shuwaikh harbor to detect polychlorinated biphenyls (PCBs) and total petroleum hydrocarbons (TPHs). Then we adopted both culture-dependent and culture-independent (PCR-DGGE) approaches to identify bacterial inhabitants of the polluted marine sediments from Shuwaikh harbor. The chemical analysis revealed spatial variation among the sampling stations in terms of total amount of PCBs, TPHs and the PCB congener fingerprints. Moreover, in all analyzed sediments, the medium-chlorine PCB congeners were more abundant than the low-chlorine and high-chlorine counterparts. PCR-DGGE showed the presence of members of the Proteobacteria, Spirochaetes, Firmicutes and Bacteroidetes in the analyzed sediments. However, Chloroflexi-related bacteria dominated the detected bacterial community. We also enriched a biphenyl-utilizing mixed culture using the W2 station sediment as an inoculum in chemically defined medium using biphenyl as a sole carbon and energy source. The enriched mixed culture consisted mainly of the Firmicute Paenibacillus spp. Sequences of genes encoding putative aromatic ring-hydroxylating dioxygenases were detected in sediments from most sampling stations and the enriched mixed culture. The results suggest the potential of bioremediation as a means for natural attenuation of Shuwaikh harbor sediments polluted with PCBs and TPHs.
Introduction
The industrial, urban and agricultural development in Kuwait and other Arabian Gulf countries, following the discovery of oil, has burdened the marine environment in this region with many hazardous pollutants. Many different chemicals including heavy metals, petrochemicals and halogenated organic compounds have been introduced into coastal marine sediments (Al-Muzaini et al., 1995; Beg et al., 2001) . Since the early 1980s, several studies have been conducted to assess the quality of coastal sediments in Kuwait. These investigations concluded that certain stretches of the coastline are polluted with high concentrations of toxic chemicals from municipal and industrial wastewater discharges (Shunbo and Literathy, 1984; Clark, 2001; Beolchini et al., 2009) . Most of the studies carried out in the Arabian Gulf region have focused on oil and related chemicals as the source of pollution in the territorial water of the Gulf. Other persistent organic pollutants (POPs) such as polychlorinated biphenyls (PCBs) have received much less attention (Fowler et al., 1993) . The presence of PCBs in Kuwait's costal marine sediments has been reported (Gevao et al., 2012; 2006) . In a study by Helaleh et al. (2012) , samples from some marine biota (collected from local fish market in Kuwait) were analyzed for the occurrence of organochlorine pesticides and PCBs. The authors detected PCBs (ng g -1 ) in fish (2.53), squid (0.25), bivalves (0.24), shells (0.24), octopus (0.17) and shrimp (1.38).
PCBs were first manufactured commercially in 1929. The chemical structure of PCBs is based on a biphenyl core with 1 to 10 chlorine atoms introduced at different degrees of chlorination and substitution to produce 209 products called congeners (Furukawa and Fujihara, 2008) . PCB congeners having identical number of Natural Attenuation Potential of Polychlorinated Biphenyl-Polluted Marine Sediments 1 38 chlorine atoms are referred to as homologues, whereas homologues with different chlorine positions are called isomers (Borja et al., 2005) . In the environment, PCBs generally exist as complex mixtures of different congeners such as Aroclor produced by Monsanto (USA) (Borja et al., 2005) . Due to their unique physicochemical properties, PCBs have been adopted for a variety of industrial applications such as lubricants, dielectric fluids and plasticizers (Gevao et al., 2012) . Because of their toxicity and persistence in the environment, PCBs were banned in most countries in the late 1970s (Ross, 2004) . PCBs can be very hazardous to the health of human and other biota due to their bioaccumulation in different tissues (Passatore et al., 2014) .
Like other anthropogenic compounds, PCBs can enter the aquatic environment from different sources including: (i) direct deposition from the atmosphere, (ii) runoff from land, (iii) directly from industrial and wastewater treatment plant discharges, sewer branches, thermal and chlorinated effluents from power plants as well as shipping and dockyard activities in harbors (Bush and Kadlec, 1995) . Among all the environmental media, sediments are recognized as significant reservoirs and sinks for a large variety of POPs such as PCBs. This is due to their hydrophobicity. They have a strong affinity for particulate matter and ultimately accumulate in bottom sediments (Bush and Kadlec, 1995; Zennegg et al., 2007) .
In Kuwait, only a few studies have addressed pollution of the marine environment with PCBs. However, the objective of those studies was to assess the occurrence, distribution and toxicity of PCBs without paying attention to the fate of these compounds in the environment. Biological transformation and degradation by microorganisms can play an important role in the elimination and/or detoxification of PCBs found in polluted ecosystems (Furukawa and Fujihara, 2008) . Nonetheless, there is dearth of information concerning PCBs-degrading microbial communities in the Kuwait's marine environment. Moreover, the majority of the POPs biodegradation studies on the polluted ecosystems in Kuwait relied on the conventional enrichment and isolation techniques (culture-dependent procedures), which are laborious and usually underestimate the quantity and quality of the microbial communities inhabiting a polluted ecosystem (Dennis et al., 2003; Van Hamme et al., 2003) .
The comprehensive understanding of the structure and function of microbial communities is a prerequisite for the development of an efficient bioremediation process. In this context, Dell' Anno et al. (2012) investigated the dynamics of bacterial abundance and biodiversity during bioremediation of hydrocarbon-contaminated marine harbor sediment. The authors reported that the incubation temperature was the principal determinant of bacterial abundance, diversity and community structure. Furthermore, they found that hydrocarbon biodegradation efficiency was promoted as the bacterial richness and evenness increased. In a study on PCBs bioremediation, Wang and He (2013) studied the reductive dechlorination patterns and microorganisms involved in the dechlorination of Aroclor 1260 in sediment/soil microcosms and sediment-free enrichment cultures. They reported significant PCBs dechlorination activity with distinct patterns such as the N, H and T processes. They also identified Dehalogenimonas and Dehalococcoides spp. as major dechlorinators in the microcosms. Recently, Sydow et al. (2016) reported that a diesel-degrading bacterial consortium maintained its structural and functional integrity after short-term exposure to different hydrocarbon feeds.
In this study, bacterial diversity and abundance in PCBs-polluted sediments from Shuwaikh harbor in Kuwait were investigated. Spatial shift in community structure was also addressed. Moreover, biodegradation potential of the bacteria inhabiting the sediments was assessed via fingerprinting of the functional genes of aromatic ring oxygenases.
Experimental

Materials and Methods
Chemicals and molecular biology materials. Chemicals and microbiological media were obtained from Fluka (Switzerland), Sigma-Aldrich (USA) and Promega (USA). Total community DNA was isolated from sediment samples with PowerSoil DNA Isolation Kit (MoBio, USA). Molecular biology enzymes and reagents were purchased from Qiagen (USA) and GE Healthcare (UK). The PCBs analytical standard (EC-4133) was purchased from Cambridge Isotope Laboratory (CIL, Andover, MA). The internal standard Mirex and the recovery standard EC 4058 were purchased from CIL.
Study area and collection of sediment samples. Kuwait Bay is considered an ideal seaport in terms of its nature and geography. It encloses Shuwaikh harbor within an urban industrial area in the Al-Asimah Governorate (Capital Governorate) of Kuwait. Shuwaikh harbor lies on the south shore of Kuwait Bay at Latitude 29° 21ʹ North and Longitude 47° 56ʹ East. It is considered the main commercial port in the country. It is one of the busiest ports in the Middle East with 21 deepwater berths. For the PCR-DGGE experiments, sediment samples were collected at five different locations (W1, W2, W3, W4 and W5) from inside the Shuwaikh harbor using a sediment core sampler (Fig. 1) . For the chemical analysis, a Van Veen Grab was used to collect sediment samples from the W1-W5 sites in addition to two locations (W6 and W7) outside the harbor (Fig. 1) . The cores were secured and returned back to the laboratory for immediate processing. The sediment cores were divided into layers or sections (5-cm long), which were kept in sterile glass Petri dishes. Each section was then homogenized into one composite sample using a sterile wooden spatula. Samples were transferred into 50-ml sterile tubes and marked according to the sampling location.
Culture media and growth conditions. Luria-Bertani (LB), trypticase soy broth (TSB) and trypticase soy agar (TSA) were prepared according to the instructions of the supplier and were used for growth and isolation of bacteria. 20 µg). The carbon sources were added either as solid in case of biphenyl (1 g/l) or from acetone stock solutions for Aroclor 1242 (0.1 ml/100 ml of CDM, commercial PCBs mixture of 5 mg/100 ml acetone, Sigma-Aldrich) and 2,4-dichlorobiphenyl (0.1 ml/100 ml of CDM, commercially available as 2.5 mg/100 ml acetone stock, Sigma-Aldrich). All liquid culture media (100 ml) were routinely prepared in 250-ml Erlenmeyer flasks and incubated at 30°C in an orbital shaker (200 rpm). Agar plates were incubated at 30°C for 48 hours.
Enrichment and isolation of biphenyl-degrading bacteria. Two grams from the sediment samples W1, W2, W3, W4 and W5 (upper 5 cm of the core) were inoculated individually into CDM containing biphenyl as the sole carbon source. After 10 days of incubation, 10 ml aliquots from those initial enrichments were transferred to fresh medium followed by further incubation for 10 days. This sub-culturing step was repeated four times. Aliquots (1 ml) from the 4 th enrichment (subculture) were serially diluted in sterile normal saline (0.9% NaCl) and samples (100 µl) from each dilution were spread on TSA plates. After incubation, single colonies (morphologically distinct) from the different plates were purified by subsequent streaking on TSA plates. The isolated single colonies were then grown in TSB (trypticase soy broth, 20 ml) medium for 48 h. The cells were harvested from culture samples (1 ml) by centrifugation (10,000 rpm, 5 min) and washed once with 10 ml of 0.1 M K-phosphate buffer (pH 6.8). The washed cells were suspended in phosphate buffer and inoculated into CDM containing biphenyl as a sole carbon source. 
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Enrichment of PCB-degrading bacteria. Portions (2 g) of the sediment samples collected from sites W1, W5 (uppermost layer of the core, 5 cm) and W6 were inoculated into CDM containing either Aroclor 1242 or 2,4-dichlorobiphenyl as a sole carbon source. After two weeks of incubation, 10-ml aliquots of those initial enrichments were transferred to fresh medium and further incubated for two weeks. This sub-culturing step was performed three times.
Isolation of total community DNA from sediments and bacterial cultures. Total genomic DNA of microbial communities inhabiting Shuwaikh harbor sediment samples was isolated with the PowerSoil DNA Isolation Kit. The initial step of extraction involved homogenizing 0.25 g of sediment samples using bead beater at 2500 bpm for 3 min. Then the rest of the extraction process was achieved following the manufacturer's protocol. The DNA from the unknown purified bacterial cultures was extracted using PrepMan Ultra Sample Preparation Reagent (Applied Biosystems, USA) following the manufacturer's protocol.
Partial amplification of the 16S rRNA gene. Partial 16S rRNA gene fragments were amplified using the universal bacterial primers 907R (5'-CCCCGTCAATTC-MTTTGAGTTT-3') and GM5F (5'-CCTACGGGAG-GCAGCAG-3') (Schafer and Muyzer, 2001 ) and the Pure Taq Ready-To-Go PCR Beads (Amersham Biosciences, UK). Aliquots (30 pmol) of both forward and reverse primers were added to the beads along with 1 µl (25 ng DNA) of DNA and the final volume in the vials was brought up to 25 µl with sterile water (Sigma, USA). The vials were incubated in a Thermocycler (Gene Amp PCR system 9700, Applied Biosystem, USA), where a standard PCR program was applied. The initial denaturing step took place at 94°C for 5 min followed by 25 cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 30 sec. Eventually, a final extension step was run at 72°C for 7 min.
Amplification of genes encoding putative aromatic ring oxygenases. Segments from genes encoding aromatic ring-hydroxylating oxygenases were amplified by PCR using DNA obtained from the sediment samples as a template. Total DNA was isolated from sediment samples collected from the locations W1, W2, W3, W4, W5, W6 and W7 with the PowerSoil DNA Isolation Kit. The forward primer 888 and the reverse primer 300R were used (Kitagawa et al., 2001) . The primer 888 consisted of the 40-bp GC-clamp sequence (5'-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G-3') and the sequence (5'-TGC ASS TWT CAC GGS TGG-3') and the primer 300R had the sequence (5'-CTC GAC TCC GAG CTT CCA GTT-3') conserved among aromatic ring-hydroxylating dioxygenases. The touchdown PCR procedure was used: 20 cycles at 94°C for 40 sec, 60°C for 40 sec (decreased by 1°C every 2 cycles), 72°C for 40 sec and 10 cycles at 94°C for 40 sec, 50°C for 40 sec and 72°C for 40 sec. The expected 340-bp DNA fragments containing the 300-bp target plus 40-bp GC-clamp sequences were amplified from the extracted DNA (Kitagawa et al., 2001) .
Denaturing gradient gel electrophoresis (DGGE). DGGE was performed on Dcode Universal Mutation System (Bio-Rad, USA) according to the manufac turer's instructions where the denaturant's concentrations increase from the top of the gel toward the bottom. Three 6% polyacrylamide gel solutions with different denaturants concentrations (0%, 30% and 50%) were prepared. Samples (300-600 ng of the amplified DNA) were run at 50V and 60°C for 16 hours. The DGGE bands were excised for sequencing and were visualized using Dark Reader (Clare Chemical Reader, USA). Gels were post-stained for 20 min in 1 × TAE buffer supplied with SYBR Green (Invitrogen, USA). The DNA was allowed to passively diffuse from the gel pieces into the water at 4°C overnight. The resulting solution was used as a template to re-amplify the content of each band using the same PCR primers and programs mentioned previously. The DGGE data obtained were analyzed using Phoretix 1D analysis software. The DGGE profile was transformed to binary matrix depending on the presence (1) and absence (0) of the bands on the examined profile before being analyzed using hierarchical cluster analysis.
DNA sequencing. PCR products were purified using QIA Quick Purification Kit (Qiagen, USA) following the manufacturer's protocol to remove the excess Taq polymerase, primers and DNTPs that might interfere with the sequencing steps. BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems, USA) was used for labelling and amplifying the purified product. The PCR program applied included 1 cycle of denaturation at 96°C for 1 min, followed by 25 cycles of denaturation at 96ºC for 1 min, annealing at 50°C for 5 sec and extension at 60°C for 4 min. The final products were further purified using sodium acetate (pH 5.2) and absolute ethanol. Then 20 µl of absolute ethanol were added to each sample. After the denaturation step, samples were kept on ice and loaded directly in the 3130xl genetic analyzer (Applied Biosystems, USA) and the results were obtained using Sequencing Analysis v5.2 Software (Applied Biosystems, USA). The obtained sequences were compared with others in the GenBank database using BLAST (Altschul et al., 1997) . The partial 16S rRNA gene sequences were deposited in the GenBank (accession numbers -see Supplementary Material).
Analysis of PCBs and total petroleum hydrocarbons (TPHs). For the chemical analysis, sediment samples from the seven sampling stations W1-W7 were collected with a Van Veen grab. Analysis of the PCBs was performed in the Central Analytical Laboratory-Kuwait Institute for Scientific Research (Kuwait) according to the methods described in Gevao et al. (2012) . TPHs in sediment samples were measured by the Infrared Spectroscopic Method recommended by United States Environmental Protection Agency (USEPA, 1978) . The calibration plot was used to calculate the concentration of hydrocarbons in sediments with the following equation: mg/kg = I.V/a.w where I = integral value from IR measurement, V = volume of the extract (100 ml), a = slope of the calibration curve, w = weight of the sediment sample (about 5 to 10 g).
Results
Pollution of Shuwaikh marine sediments with PCBs and TPHs. Figure 2 shows that stations W5 and W6 had the highest measured PCB levels (W5: 59.1% of Σ 38 PCB -all sites, W6: 33.0%). Taking a closer look at the distribution of congener concentrations for the locations across the different homologue series represented (those PCBs containing the same number of chlorine atoms), it can be seen that PCB-138 (2, 2' , 3, 4, 4' , 5'-hexachlorobiphenyl) was the dominant pollutant congener with a ΣPCB of 165.4 ng/g (Fig. 3, Table S1 ). Other congeners, which exceeded 100 ng/g were PCB-101, 110, 118, 153 and 209. However, it is important to note that PCB-138, PCB-101 and PCB-153 were only present in the two most contaminated sites (W5 and W6), whereas PCB-110 and PCB-118 were observed in all of the sampling sites (Fig. 3) . The sum of Cl 5 and Cl 6 congeners (16 out of the 38 measured congeners, 42%) accounted for more than two-thirds of all the detected PCB pollutants. No Cl 9 congeners were observed above the measurement detection limit. In terms of the PCB recovery data (Table S2) ). Total TPHs measured at the location (summed over seven sampling sites) was 1255.9 mg/kg with an average of 179.4 mg/kg. The lowest levels were observed at the two sites most distant from the harbor (Fig. 2) . Enrichment of biphenyl-degrading bacteria. Sediment samples from different sites were inoculated into CDM containing biphenyl as a sole carbon source to enrich biphenyl-utilizing bacteria. Culture turbidity due to bacterial growth was sustained only in the enrichment containing sediment sample collected from the W2 station. The W2 biphenyl enrichment culture (whole culture) appeared yellow in color. This was evident even after the third sub-culturing. When samples from the W2 biphenyl enrichment (fourth subculture) were serially diluted and spread on TSA plates, it was possible to differentiate three morphologically distinct colonies. After purification, none of those three strains could grow individually on biphenyl as a sole carbon source in CDM. Enrichments with Aroclor 1242 or 2,4-dichlorobiphenyl as carbon sources did not reveal any bacterial growth even after repeated sub-culturing. Moreover, the W2 biphenyl enrichment culture did not grow on either Aroclor 1242 or 2,4-dichlorobiphenyl as a sole carbon source even after prolonged incubation.
Natural bacterial communities dwelling in Shuwaikh harbor sediments. The bacterial community inhabiting different depths (sections) of the sediment cores was investigated by comparing the DGGE band pattern obtained from various lamina recovered from each core (Table I) . In terms of the number of bands, the DGGE profile showed almost the same pattern among the different sampling sites. Generally, the uppermost layer in the cores revealed a larger number of bands. The five sampling sites showed no remarkable variation in the average number of bands. In terms of total band numbers, site W4 revealed the highest, while W3 had the lowest number.
The DNA extracted from different sections of each core was pooled and the DGGE band patterns for such pooled samples were compared with their counterparts from other sites. The results (Fig. 4) revealed that sites W1 and W5 shared a similar band pattern. Only one additional band (band c) was found in site W1 and band a was found in site W5. Furthermore, sites W1 and W5 clusters were very close to each other (Fig. 4) . Sites W2 and W3 clusters were also quite close to sites W1 and W5, whereas site W4 was the most divergent in terms of DGGE band pattern. In total, 32 bands were excised and sequenced. 1 44 characterized by DGGE. The total number of bands recovered from the mixed culture was 18 as compared to the average number of bands of 14 obtained from the natural sediment bacterial community of site W2. Sequences of bacteria affiliated to Firmicutes (~ 82%) and Proteobacteria (9%) were detected. Paenibacillus sp.-related sequences dominated the sequenced bands.
Aromatic ring-hydroxylating dioxygenases in Shuwaikh harbor sediments and the biphenyl-degra ding mixed culture. Table III lists the sequences retrieved from the sediment samples along with their closest matches. The genes detected encode proteins similar to phenylpropionate dioxygenase and related aromatic ring-hydroxylating dioxygenases. In addition, protein sequences similar to the large subunit of aromatic ring oxygenases were detected. The biphenyl-utilizing mixed culture contained one sequence that is related to hydrocarbon degradation (the large subunit of aromatic ring oxygenases) (Table III) . Cluster analysis showed that sites W2 and W3 shared similar band pattern, while sites W4, W5 and W7 clustered together (Fig. 5) .
Discussion
Pollution of Shuwaikh harbor sediments with PCBs and TPHs. It was evident from the results that Shuwaikh harbor sediments are polluted with PCBs and TPHs. The presence PCBs in Shuwaikh harbor sediments has not been reported before. However, there are a few reports on PCBs pollution in Kuwait coastal sediments (Gevao et al., 2012) and marine biota (Helaleh et al., 2012) . There was a spatial variation among the sampling sites in terms of total PCBs amounts and congener distribution. This could be due to different pollution sources contaminating the different sampling stations. Other factors may be involved such as microbial biodegradation, the pollution history, in situ abiotic degradation, diffusion through the sediment column, lateral movement and resuspension of the sediments, and resuspension of PCBs into the water column (Li et al., 2009) . Pollution of the Kuwait's coast with petroleum hydrocarbons has been frequently reported (Ahmed et al., 1998; Mahmoud et al., 2009; Michel, 2011) . Oil spills, accidental or deliberate, and oil transport and processing operations are major sources of pollution of the Arabian Gulf with petroleum hydrocarbons. The decreasing trend of pollution in the stations from inside to the outside of the harbor is consistent with previous reports (Beg et al., 2001) .
The biphenyl-utilizing mixed culture. A biphenylutilizing culture was enriched from sampling site W2 sediments. This indicates the presence of biphenyl-, and probably PCBs-, degrading bacteria in the W2 sediment. The yellow color observed in the biphenyl whole culture could be due to the meta-cleavage of the aromatic ring of 2,3-dihydroxybiphenyl, which produces 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate (Kolar et al., 2007) . 
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The W2 culture was shown to be a bacterial consortium as confirmed by the presence of three different bacteria on TSA plates. Kolar et al. (2007) reported the isolation of biphenyl-degrading mixed culture from marine sediments. It was not possible to enrich PCBs-degrading cultures from the tested sediments. This could be due to toxicity of the substrate and/or growth conditions that did not allow the growth of PCBs degraders. Alternatively, it is possible that the adopted culture medium and growth conditions were not conductive for the establishment of relevant consortia that can cooperatively degrade the PCB substrate via synergistic interactions, provision of necessary growth factors, or elimination of toxic products (McGenity et al., 2012; Mikesková et al., 2012; Van Hamme et al., 2003) . The biphenyl-utilizing mixed culture was dominated by Paenibacillus naphthalenovorans-affiliated sequences. This limited taxonomic diversity in the biphenyl-degrading culture W2 is consistent with the results reported by Kolar et al. (2007) . These authors found that in a biphenyl-degrading mixed culture, six of the seven isolates were affiliated to the genus Rhodococcus. Other bacteria that were found in the biphenyl W2 culture represent the minor fraction and are related to Pseudomonas and Azoarcus spp. Some members of the genera Paenibacillus, Pseudomonas and Azoarcus are known to degrade aromatic compounds under aerobic conditions such as polyaromatic hydrocarbons (PAHs), biphenyl, and PCBs (Daane et al., 2002; Sakai et al., 2005; Ismail and Gescher, 2012; Koubek et al., 2013; Nam et al., 2014) . Accordingly, the detection of sequences related to these bacteria in the aerobically grown biphenyl-utilizing mixed culture is not surprising.
Natural bacterial communities inhabiting Shuwaikh harbor sediments. The observed variations in number of DGGE bands among the sections of the same sediment core or cores from the different sampling sites might reflect changes in bacterial community structure. The latter could be due to fluctuations in oxygen tension, types and concentrations of the 1 46 pollutants (e.g., PCBs congeners), organic carbon content, availability of nutrients, electron acceptors and electron donors, as well as resuspension and sedimentation processes (Black et al., 2017; Correa et al., 2010; Zhang et al., 2015) . Decrease in the number of bands with increasing the core depth might reflect the anoxic conditions in the deep layers, which restrict bacterial growth and reproduction.
In general, there was a little spatial variation among the sampling sites in terms of the number of the DGGE bands. Considering the phylum level, the sequenced DGGE bands were affiliated to Chloroflexi, Spirochaetes, Proteobacteria, Firmicutes and Bacteroidetes. Bacteria belonging to these groups have been identified before in sediments polluted with PCBs (and other hydrocarbons) and in enrichment cultures containing PCBs or TPHs. For instance, Zanaroli et al. (2012) applied DGGE and T-RFLP to characterize the microbial community enriched in PCBs-containing slurry microcosms from marine sediments. The authors identified members of α-, β-,γ-and ε-divisions of Proteobacteria, Firmicutes and Chloroflexi. Moreover, members of Chloroflexi, Firmicutes, Proteobacteria, Spirochaetes and Bacteroidetes were identified in sediment-free PCBdechlorinating cultures (Wang and He, 2013) .
At the genus level, the observed dominance of Dehalococcoides-related sequences and other Chloroflexi members is consistent with the chemical analysis, which revealed PCBs pollution of the tested sediments. These bacteria are known key players in the reductive dechlorination of various PCB congeners. To date, all identified PCB-dechlorinating bacteria belong to Dehalococcoides spp. and the phylogenetically related Chloroflexi bacteria like DF-1 and o-17 (Bedard, 2008; Zanaroli et al., 2012) . Wang and He (2013) identified Dehalococcoides spp., Dehalobacter spp. and Dehalogenimonas spp. in sediment-free cultures dechlorinating Aroclor 1260. Also recently, LaRoe et al. (2014) isolated Dehalococcoides mccartyi strain JNA in a pure culture dechlorinating Aroclor 1260. The literature, however, does not contain any reports on PCB-dechlorinating bacteria in marine sediments from Kuwait.
Members of the different Proteobacteria subdivisions have been identified by other investigators in hydrocarbon-polluted soil (Correa et al., 2010) and marine sediments even in the Arabian Gulf water (Al-Awadhi et al., 2013; Kolar et al., 2007) . Other dominant genera that were detected in the current study include Dictyoglomus sp. and a Spirochaetaceae bacterium, which were unique to sampling site W3. Dictyoglomus thermophilum is an anaerobic, chemoorganotrophic thermophilic bacterium isolated from a hot spring in Japan (Coil et al. 2014) . Spirochaetes were identified by Wang and He (2013) in sediment-free cultures dechlorinating Aroclor 1260.
The community of site W4 was characterized by two sequences that were missing in the other sites. Desulfatibacillum alkenivorans AK-01 is a sulfate-reducing alkane-degrading bacterium isolated from estuarine sediment (Callaghan et al., 2012) . Accordingly, it might be involved in the sulfate reduction-coupled anaerobic biodegradation of aliphatic hydrocarbons in the sediment at site W4. Halothermothrix orenii is related to Clostridia. It is a strictly anaerobic thermophilic bacterium isolated from sediment of a Tunisian salt lake (Mavromatis et al., 2009) . Desulfofaba-related sequence was found only in site W5 sediments. These bacteria are sulfate reducers and were isolated from marine sediments (Knoblauch et al., 1999) .
Aromatic ring-hydroxylating oxygenases in Shuwaikh sediments. DGGE revealed the presence of sequences related to aromatic ring hydroxylation proteins in the sediments and biphenyl mixed culture. Aromatic ring-hydroxylating dioxygenases are key enzymes in the aerobic degradation of aromatic compounds by many microorganisms (Ismail and Gescher, 2012) . Hence, the detection of oxygenases-encoding genes in the sediments and the biphenyl-utilizing culture suggests that they might be involved in the degradation of PCBs, biphenyl and other hydrocarbon pollutants in the Shuwaikh sediment. In accordance with these results, Correa et al. (2010) reported higher levels of biphenyl dioxygenases in soil microcosms exposed to Aroclor 1242 and individual PCB congeners. Studies on aromatic ring oxygenases in Kuwait's marine sediments are largely lacking.
Natural attenuation potential in polluted Shuwaikh sediments. We have provided some lines of indirect evidence suggesting that Shuwaikh sediments polluted with PCBs and TPHs might exhibit natural attenuation via biodegradation/biotransformation. First, sequences affiliated to bacteria that are known as hydrocarbon and PCBs degraders were detected in the sediment and the enriched biphenyl-degrading mixed culture. Second, genes, which encode putative aromatic ring-hydroxylating oxygenases were detected in the sediments and the biphenyl-degrading mixed culture. Third, the observed decrease in the amounts of the high-chlorine PCB congeners (7-10 Cl) as compared to the medium-chlorine ones (4-6 Cl) could be due to microbial reductive dechlorination (Adler et al., 1993; Liang et al., 2014) . Moreover, the decreased amount of the low-chlorine PCBs (1-3 Cl) resulting from anaerobic dechlorination is probably because of co-metabolic degradation, which is mediated by oxygenases of the aerobic biphenyl-degrading bacteria (Liang et al., 2014) . These are only indirect indicators and further investigations are still needed to unambiguously reveal the microbial biodegradation of organic pollutants in Shuwaikh harbor sediments in situ. Future research may include laboratory microcosms, monitoring temporal changes in pollutants levels and microbial community structure and detection of signature metabolites and key catabolic genes. For better understanding of the ecophysiology and systems biology of the natural microbial communities of the sediments, metaproteomics, metatranscriptomics and metabolomics can be of great value in this context. Furthermore, the application of metagenomics combined with the recent next generation sequencing techniques can help overcome the limitations of DGGE and provide deeper insight into the functional microbial communities.
Conclusion
Marine sediments of the Shuwaikh harbor in Kuwait are polluted with PCBs and TPHs. These polluted sediments are inhabited by diverse hydrocarbon-degrading bacteria having potential to cope with the toxicity of the pollutants and probably utilize them as carbon sources (TPHs and PCBs) and/or electron acceptors (PCBs).
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